A liquid-crystal ͑LC͒-based polarization rotator which can rotate the polarization axis of an incident linearly polarized light from 0°to 90°is demonstrated. In the LC cell, the top substrate has a uniform rubbing but the bottom substrate has two orthogonal rubbings which are separated by a nonrubbing zone. Between these two rubbed strips, the LC directors twist continuously from 0°to 90°. As a result, the optic axis of the incident linearly polarized light can be rotated continuously depending on the beam position. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2713861͔
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A liquid-crystal ͑LC͒-based polarization converter is an intriguing optical device because it can convert a linearly polarized light into circular, elliptical, axial, radial, or azimuthal polarization depending on the LC configurations. [1] [2] [3] [4] [5] [6] [7] If the employed LC presents a homogeneous alignment, 1 then it can generate linear, circular, or elliptical polarization by controlling the applied voltage. On the other hand, if the LC has radial or twisted radial orientation, then a spacevariant output light with axial, radial, or azimuthal polarization can be generated. However, there is still lack of LC converter that can continuously rotate the optic axis of a linearly polarized light. Such a LC polarization converter would be used as a polarization axis finder, phase modulator for analyzing biological tissues and polarizing materials, diffractive optics, and other optical elements.
Nematic LC molecules have rodlike structures and their directors can be reoriented either by electric field, rubbing treatment, or both. If the LC directors are twisted, 8 then the device can rotate the optic axis of a linearly polarized light due to the waveguiding effect. Here, we call such a converter a polarization rotator. Various LC rotators based on different LC configurations have been proposed. For example, Yamaguchi et al. 2 demonstrated a LC polarization rotator by controlling the azimuthal anchoring strength of the LC cell with different UV exposures. After rubbing treatment, they demonstrated a LC rotator with multiple twist angle patterning. A LC rotator using such a fabrication method causes two concerns: discontinuous twist angle and complicated fabrication process. A linear polarization rotator which can continuously twist the plane of a linearly polarized light can be widely used in optical splitters, variable filters, optical data storage, grating, and other optical elements.
In this letter, we demonstrate a LC-based linear polarization rotator using a simple rubbing method. Our device can rotate the optic axis of an incident linearly polarized light spatially. The major advantages of our approach are twofold: simple fabrication process and large size capability. Moreover, using this method a polarization rotator array can be fabricated easily.
To achieve a continuous twist from 0°to 90°, we fabricated the LC cell as follows. The top glass substrate surface was coated with a thin polyimide ͑PI͒ layer and rubbed along the −x axis, as shown in Fig. 1 . The bottom substrate surface was divided into the left, middle, and right regions; each region had different rubbing treatments. In the first step, we rubbed the left part of the bottom substrate along the y axis while keeping the middle and right regions covered with a thin glass plate. We then rubbed the right strip along the x axis while keeping the middle and left strips covered. Afterwards, we assembled these two substrates together to form a cell. The cell consists of three different regions corresponding to the surface treatments of the bottom substrate. In the left region, the rubbing directions of the top and bottom substrates are perpendicular while in the right region the rubbing directions are antiparallel. In the middle region, only the top surface has rubbing.
When a LC material was filled to the cell, the LC molecules were aligned by the rubbed surfaces. Figure 2 depicts the schematic side view of the ideal LC configurations in the cell. From left to right, the cell is divided into three zones. Positions A and B represent the edges of the nonrubbed region. Induced by the two rubbed surfaces, the LC directors in the left region exhibit a 90°twist while in the right region they are homogeneous. Between A and B, the LC directors on the top surface are homogeneously aligned along the rubbing direction due to the strong anchoring force of the PI layer. But the LC directors near the bottom substrate surface would twist continuously from 90°to 0°, as depicted in Fig.  2 . Because of the weak anchoring energy of the bottom glass surface which has no PI layer, the LC directors in the nonrubbing region are influenced by the LCs in the left and right regions. Moreover, the LC is a continuum medium. In an equilibrium state, the boundary layers in the bottom substrate gradually twist. As a result, the bulk LC directors between A and B gradually transition from 90°twist to homogeneous, as Fig. 2 depicts.
In Fig. 2 when a linearly polarized light is incident normally to the LC cell with its polarization direction parallel to the x axis, the transmitted light remains linearly polarized but its polarization axis follows the LC director twist, provided that the following Mauguin condition is satisfied: d⌬n ӷ /2.
͑2͒
If Eq. ͑2͒ is satisfied, then the transmitted light remains linearly polarized except that its polarization axis is rotated by 90°with respect to the incident one.
To demonstrate a LC polarization rotator, a cell according to the design of Fig. 1 was prepared. The top substrate surface was coated with a thin polyimide layer and buffed along the −x axis. The inner glass surface of the bottom substrate was rubbed gently. The width of the nonrubbed region is about w ϳ 3.5 mm. The cell gap was controlled using ϳ10 m glass spacers. Merck nematic LC mixture BL003 ͑⌬n = 0.261 at = 589 nm and T =20°C͒ was injected to the empty cell in an isotropic state and afterwards the cell was cooled down gradually to room temperature ͑T ϳ 21°C͒.
To confirm the above analysis, we examined the LC alignment by placing the cell between a polarizer and an analyzer. The rubbing direction of the top glass substrate was arranged parallel to the transmission axis of the linear polarizer and light is normally incident from the top substrate. When the optic axis of the analyzer was placed in parallel to that of the polarizer, the left side appeared black and the right side became bright, as shown in Fig. 3͑a͒ . This implies that the LC directors in the dark zone are twisted by 90°while the LC directors in the bright zone present a homogeneous alignment. Between these two distinct black and bright states, the transmitted light intensity changes gradually and continuous grayscales were observed. This region corresponds to the nonrubbed zone depicted in Fig. 2 . By rotating the transmission axis of the analyzer in counterclockwise direction, the black strip gradually moves across the nonrubbed region. Figure 3͑b͒ shows the black strip appearing at the center of the nonrubbed region when the analyzer was rotated by 45°.
When the analyzer was crossed to the polarizer, the left region became bright and the right region became black, as shown in Fig. 3͑c͒ . Continuously rotating the analyzer, a bright strip appears and moves from left to right. Figure 3͑d͒ shows the case when the analyzer was rotated by 135°. Such results can be easily explained using Fig. 2 .
To verify that the LC cell indeed functions as a variable linear polarization rotator, we first measured the light transmittance of the cell in the region where LC presents a continuous twist using a He-Ne laser ͑ = 633 nm͒. The cell was placed between crossed polarizers and the laser beam was incident normally on the cell from the uniformly rubbed side. The transmitted light was measured using a photodiode detector which was placed right behind the sample. To control the position of the cell, we mounted the cell on a linear translational stage. The dots in Fig. 4 hibit a 90°twist. Therefore, the transmittance is the highest. When the LC cell was translated along the x axis, the LC twist angle became smaller, as Fig. 2 shows, so that the transmittance was decreased gradually. As the position gets larger than ϳ4.25 mm, the laser beam was almost completely blocked by the analyzer. This means that the laser beam is located in the region where LC presents a homogeneous alignment. From Fig. 4 , the transmittance decreases with respect to the sample position and the contrast ratio reaches ϳ200: 1. The limited contrast ratio is attributed to the finite spot size ͑ϳ0.7 mm͒ of the employed laser beam.
To validate the above measured results, we theoretically calculated the light transmittance of the LC cell. Under Mauguin's condition, the transmittance of the LC cell can be expressed as In the continuous twist region shown in Fig. 2 , the twist gradient G w is mainly determined by the width of the nonrubbed region ͑w͒ and the twist angles ͑ 1 to 2 ͒ of the two rubbed regions. The twist gradient can be approximated as
In Eq. ͑4͒, 1 and 2 are determined by the two rubbing directions of the bottom substrate. If the rubbing directions are fixed, as Fig. 2 shows, then widening the nonrubbing zone will decrease the twist gradient. However, if the width is too large, the continuous twist can no longer sustain. For a fixed cell gap ͑d ϳ 10 m͒, we found that the LC cell can present a continuous twist in the nonrubbing region if w Ͻ 5 mm. For w Ͼ 5 mm, LC alignment in the nonrubbing region is seriously affected by the rubbing direction of the top substrate. Besides a single device, we can also fabricate a linear polarization rotator array by controlling the rubbing patterns of each pixel.
In conclusion, we demonstrated a LC-based polarization rotator using a simple rubbing method. The device can continuously rotate the polarization axis of an incident linearly polarized light within 90°of range. In addition to a single rotator device, a micropolarization rotator array can also be fabricated by controlling the rubbing patterns of each pixel. Such a LC polarization rotator has potential applications in density beam splitters, variable filters, optical data storage, grating, and other optical components.
The authors would like to thank Yi-Hsin Lin of National Chiao Tung University, Taiwan, for experimental assistance and Haiqing Xianyu for useful discussion. 
